Cavitation damage and ductile fracturing is a common phenomenon observed in hightemperature, ambient pressure deformation of superplastic metals and ceramics, but hardly described for geological materials. We performed high-pressure, high-temperature 
Introduction
High-temperature creep deformation prevailing in the lower crust and upper mantle is commonly assumed to be quasi steady-state. The dominant deformation mechanism operating in high-temperature shear zones exposed in deeply eroded parts of the lower continental crust is often assumed to be grain size-sensitive flow of fine-grained feldspar rocks [e.g. Brodie and Rutter, 1987] . In a phenomenological sense deformation in ultramylonites was termed superplastic in analogy to metals and ceramics capable of sustaining high strain in tension before failure [Paterson, 1990] . Tensile deformation of fine grained metals and ceramics at elevated temperatures and ambient pressure is often terminated by (ductile) failure [Chokshi, 2005; Kassner and Hayes, 2003] . Failure often occurs from cavitation damage by nucleation and growth of voids and cavities in response to grain boundary sliding. Theoretical models and a few previous experimental studies on aluminium alloys indicate that superposition of a hydrostatic pressure on the order of the flow stress will effectively suppress cavity growth [Zaki, 1998] .
Therefore, at high overburden pressures such as prevailing in the deep crust of the Earth, cavitation is considered unlikely because lithostatic pressures far exceed the flow strength of rocks [Paterson, 1990] .
In rocks and ceramics accelerated creep induced by cavitation has only been observed in high temperature uniaxial compression tests at ambient pressure, with steady state axial strain limited to about 10% [e.g. Nair et al., 2001] . Most high-temperature, high-pressure (HT-HP) deformation experiments have been performed in triaxial compression, where axial strain is commonly < 30%. Previous low strain triaxial compression studies of fine-grained feldspar rocks deformed at low stress and high temperature are interpreted to have undergone grain sizesensitive flow accommodated by grain boundary diffusion with minor dislocation activity 3 [Rybacki and Dresen, 2004; Tullis and Yund, 1991] . In these experiments cavitation and creep failure were never observed. In this study we investigate the plastic high-strain behaviour of synthetic feldspar aggregates containing < 3 vol% residual glass using a HT-HP torsion apparatus. At these conditions the samples deformed in the linear viscous regime, but creepinduced cavitation produced increasing damage leading to ductile failure at high strain even at flow stresses far lower than the confining pressure.
Experiments
The starting material was produced by hot-isostatic pressing of commercially available, pre-dried fine-grained anorthite glass powder at 1100°C temperature and 300 MPa isostatic pressure for 24 hours, resulting in fine-grained anorthite aggregates, quite similar to those previously used in low strain triaxial deformation experiments [Rybacki and Dresen, 2000] . The aggregates are dense (≈ 1% porosity, determined by Archimedes method) and they contain trace amounts of H 2 O (0.15 ±0.04 wt%), estimated using Fourier-transformed infrared spectroscopy (Bruker IFS-66v) from 180 µm thick sections using a molar extinction coefficient of 32 L (H 2 O) mol -1 cm -1 . Transmission electron microscopy (TEM) of undeformed sections of the samples show intense twinning of many grains (width between 50 and 400 nm, mean density 4 ±2 twins/µm), low dislocation density (<10 12 m -2 ), and < 3 vol% Si-enriched residual glass dispersed at grain triple junctions likely due to local non-stoichoimetric composition of the starting powder.
The initial mean grain size estimated from scanning electron microscope (SEM) micrographs is 3.7 ±0.7 µm, measured by the line-intercept method on arbitrarily oriented lines cutting ~100-350 grains per section. The grain size is corrected by a factor of 1.9 for stereological effects using a mean aspect ratio of 2.5 of the lath-shaped grains [Dimanov et al., 1998 ]. About 20% of the samples show a homogeneous orientation distribution of grains, while the remaining specimens 4 exhibit spherulite-like domains of about 1-2 mm in size with elongated grains oriented in radial symmetry.
Experiments were performed in a Paterson-type gas deformation apparatus equipped with a torsion actuator. Cylindrical samples of 10 mm in diameter and 1-10 mm in length were jacketed in an iron sleeve and isolated from the Argon gas used to apply the isostatic (confining) pressure. Specimens were uniformly heated to run temperatures constant within 3°C. Samples were given time (> 2h) to equilibrate with pressure and temperature before constant twist rate was applied. For most samples continuous runs were repeatedly interrupted for < 10 min duration by reversing the twist until zero shear stress to determine sample length and zero-drift of the torque cell. To study the evolution of stress and microstructure upon reversing the shear direction, one sample was back-twisted to zero strain and one sample was twisted back and forth. After completion of tests, samples were cooled at a rate of 30-50°C/min at final torque (if not failed) below ~600°C, subsequently the differential stress was released before decreasing the confining pressure. Measured torque-twist data are converted to maximum shear stress-strain at the sample periphery assuming power law behaviour of the materials, γ& = A·τ
, where γ& is shear strain rate, τ is shear stress, n is stress exponent, Q is activation energy, T is absolute temperature, A is a material-dependent constant, R is molar gas constant, d is grain size, and m grain size exponent. During deformation, repeated variation of twist rate and temperature in small steps allowed determination of n and Q, respectively. Data were corrected for system compliance and jacket strength. Accuracy of stress is ≈ 4% and of strain ≈ 1%. Maximum shear strain rate is usually constant within 5%, but continuously decreases to about 40% for samples with large lengthening. Experimental techniques and data analysis are described in detail elsewhere [Paterson and Olgaard, 2000] . 
Results
A total of 21 samples was deformed at 400 MPa confining pressure and temperatures of 950°C -1200°C. Samples were twisted at rates corresponding to a peripheral shear strain rate of ≈ 2x10 -5 s -1 , ≈ 5x10 -5 s -1 , and ≈ 2x10 -4 s -1 , with maximum shear stresses between 1.5 and 77 MPa and strain hardening at the lower strain rate (auxiliary material, Figure S1 ). Maximum shear strains γ were between 2.8 and 5.6. By comparing the strength of different samples at γ = 3 tested at similar temperatures but different strain rates including twist rate steps, we determined a stress exponent of n = 1.0 ±0.2. The mechanical data from these high-strain torsion tests are in excellent agreement with results of previous low strain experiments using triaxial compression tests on similar starting material [Rybacki and Dresen, 2000] . For a similar range of stresses in triaxial compression tests samples deformed by grain boundary diffusion-controlled creep.
The mean size and aspect ratio of grains and the mean density and width of twins did not change significantly after deformation. Grain boundaries are locally curved, in particular at high temperature. The preferred alignment of grains with shear defines a distinctive foliation (S plane, Figure 1 ). Inhomogeneous deformation of the sample surface, visible as grooves on the jacket, indicates strain localization parallel to the foliation at high shear strain, which is more pronounced at low than at high strain rate ( Figure 1a ). TEM analysis shows heterogeneous dislocation density with an average value comparable to the starting material, but locally densities increase up to 5x10 13 m -2 where dislocations are often bounded by twin and grain boundaries. Synchrotron X-ray diffraction measurements on some twisted samples show a strong texture although samples were deformed in the linear-viscous creep regime [Gomez Barreiro et al., 2007] . The mechanical data indicate that at experimental conditions high-temperature plastic flow of feldspar rocks is Newtonian (n ≈ 1). Based on our microstructural observations we assume that creep is accommodated by diffusion-and possibly dislocation-assisted grain boundary sliding.
Remarkably, sections cut (longitudinal-axial) through the middle of the sample cylinder, where γ increases linearly from zero in the centre to maximum at the periphery, show the appearance of localized cavity bands at strains larger than about γ = 2. Tangential lengthening up to 16% with strain, in particular at low strain rate. The lengthening is coupled to a decrease of (final) diameter and can be partly reversed upon back-twisting. We assume that the lengthening results from development of a shape-preferred orientation of high aspect ratio grains producing a foliation (S-planes, see Figure 1c ). A lengthening of samples has also been observed in torsion tests on metals and was attributed to dislocation glide on shear planes inclined with 7 respect to the shear direction [Swift, 1947] . About one third of the samples were deformed until terminal failure occurred. Samples failed with an abrupt stress drop at shear strains of γ ≈ 3-5.
Prior to failure no strain softening was observed ( Figure S1 ). Macroscopic helicoidal fractures formed ( Figure 1a ) and partly extended into the alumina pistons. Macroscopic failure is considered to occur in response to a critical degree of cavity growth and coalescence and strain partitioning. It is important to note that in the low axial strain (< 0.3) compression experiments performed by Rybacki and Dresen [2000] on quite similar starting material at similar conditions cavitation and ductile failure were never observed, which is in marked contrast to results of the high strain behavior observed in this study.
Discussion
In metals and ceramics deformed in tension at ambient pressure, nucleation of cavities is commonly observed at grain boundary ledges and triple junctions or particle/matrix interfaces.
Cavity formation is mostly attributed to elastic stress concentrations, vacancy condensation or dislocation pile-ups [Chokshi, 2005; Kassner and Hayes, 2003 (Figure 6); Závada et al., 2007 ( Figure 16 )] and may be enhanced in the presence of hydrogen [Liang et al., 2008] . Similar nucleation mechanisms may produce abundant cavities in the twisted feldspar aggregates, resulting in a redistribution of pore fluids and the development of shear bands as suggested by our microstructure observations. High-temperature torsion experiments on fine-grained homogeneous anorthite-diopside aggregates with low glass content (<1vol%) revealed similar formation of open cavities at high strain. Cavitation was concentrated at interphase and diopside grain boundaries, but was less pronounced at An-An grain boundaries [Dimanov et al., 2007] . 8 Their observations suggest that cavitation may not necessarily require the presence of a pore fluid but depend on local stress concentration and strain compatibility problems at grain boundaries, triple junctions and inclusions, on the diffusion kinetics of the mineral constituents and on dislocation activity. Localized high-porosity shear bands with similar, spatially constant, orientation were also observed in high strain experiments on hydrous quartz aggregates [Schmocker et al., 2003] and partially molten olivine samples [Holtzman et al., 2003] . In these studies a pore fluid (water, basaltic melt) was present in the fine-grained samples and formation of the bands was largely attributed to redistribution of the initial fluid-filled porosity. The segregation of fluids into the shear bands was likely driven by fluid pressure gradients [Holtzman et al., 2003] . In a recent model of shear localization in melt-bearing rocks Katz et al. [2006] suggested that high stress exponents n » 1 are required to produce melt-filled shear bands at the observed 15-20° angles to the shear plane. This is in contrast to our observations of porosity bands with similar orientation that form in linear-viscous creep (n = 1). We assume that the small content of residual glass (<3%) segregated into the porosity bands due to local dilatancy and void formation.
In nature, X-ray tomography and microstructural analysis of a ductile shear zone show formation of a porosity network in granitic mylonites with porosity increasing with shear strain from 1% at the margins up to 8% at the centre [Geraud et al., 1995] . This suggests that in finegrained natural ultramylonites porosity may also increase with progressive deformation as observed in our experiments. On the other hand, it was found that cavitation is easily suppressed in metals by an applied hydrostatic pressure on the order of the flow strength [Zaki, 1998 ].
Consequently, creep damage and cavitation were considered unlikely to occur in (fluid-free) rocks subjected to high pressure in the Earth [Paterson, 1990] . However, diffusion kinetics of 9 silicates and oxides are much slower than in metals that may promote cavitation in rocks under natural conditions. In addition, if fluids (water, melt) are present, cavities may remain open or grow if fluid transport from the wall rock to pores and cavities in shear bands is faster than diffusion-assisted closure. Voids at grain boundaries and triple junctions observed in natural quartz mylonites have been taken as supporting evidence for grain boundary sliding-induced creep damage [Behrmann and Mainprice, 1987; Mancktelow et al., 1998 ]. Alternatively, grain boundary voids have been considered to result from healing of fluid-filled microcracks [Hiraga et al., 1999] or from necking down of grain boundary fluid films [Urai, 1983] . Cavities and voids have been also observed in quartz and peridotite-bearing mylonites from natural shear zones [White and White, 1981] cavitation rather than melt overpressure to be responsible for the analysed microstructures, in accordance with to our experimental findings. Based on the experimental and natural observations we infer that grain boundary sliding-induced cavitation may at least partly help to explain enhanced fluid flow in high temperature shear zones [Rutter and Brodie, 1985] and CO 2 -degassing of the uppermost mantle [Regenauer-Lieb, 1999] .
Recently, abundant microvoids forming intergranular fractures were reported in finegrained plagioclase from a mylonite zone deformed at temperatures of about 300°C [Shigematsu et al., 2004] . The authors suggested earthquake nucleation at the base of the seismogenic zone may be related to cavitation and ductile fracturing causing run-away instabilities in shear zones.
A striking observation in our experiments is the occurrence of catastrophic rupture from 10 progressive cavitation, which is not confined to a high stress regime but may occur in the hightemperature plastic regime at flow stresses well below the confining pressure. Ductile failure at high strain was also observed in an anorthite-diopside aggregate with low glass content [Dimanov et al., 2007] , showing that plastic instabilities are not linked to the presence of fluids. From our experiments the time to failure, t f , for cavitation-induced creep rupture may be estimated in analogy to the empirical Monkman-Grant relationship. This relation is used to describe creepfailure of superplastic metals in tension and at constant stress, establishing an inverse relation between secondary creep rate, γ& , and t f ,
, where k and C are constants [Kassner and Hayes, 2003] . This relationship, was frequently found to hold for metals and alloys with an exponent k close to unity. For our torsion data on anorthite we also found an inverse relation between shear strain rate and time to failure although most experiments were performed at constant twist rate and different temperatures. We obtained constants k = 1.1 ± 0.1 and C = 1.7 ± respectively. Samples exhibit strain-hardening and slight strain-weakening at low and high shear strain rates, respectively. Arrows denote sudden stress-drop for samples that failed before terminating the test.
